Summary: The goal of this study was to determine the temperature coefficient (QIO) for canine CMR02 at tem peratures below 14°C. Eight dogs were anesthetized with halothane for surgical preparation. The animals were placed on total cardiopulmonary bypass and CBF was measured by direct sagittal sinus outflow. Duplicate mea surements were taken at 37, 13, and 7°C. The EEG be came isoelectric at a temperature of 12.0 ± 0.8°C. The QIO between 13 and 7°C was 2.19 ± 0.59. With rewarming to 37°C, cerebral metabolic variables returned to control It is commonly assumed that the basis for hypo thermia-induced cerebral protection is metabolic suppression. If one assumes that the temperature coefficient (QIO ) for CMR02 is similar to that for most biologic reaction rates of between 2.0 and 3.0 (Harper, 1973) , the magnitude of protection clini cally observed at 15-18°C (Tharion et aI., 1982) ex ceeds that which would be predicted on a metabolic basis alone.
It is commonly assumed that the basis for hypo thermia-induced cerebral protection is metabolic suppression. If one assumes that the temperature coefficient (QIO ) for CMR02 is similar to that for most biologic reaction rates of between 2.0 and 3.0 (Harper, 1973) , the magnitude of protection clini cally observed at 15-18°C (Tharion et aI., 1982) ex ceeds that which would be predicted on a metabolic basis alone.
In two previous studies we examined the effect of temperature on canine CMR02 over the tempera ture range of 14-37°C and demonstrated that the relationship is a complex one, resulting from the combined direct effect of temperature on biologic reaction rates and the effect this has on cerebral function as reflected by the EEG (Steen et aI., 1983; Michenfelder and Milde, 1991) . Thus, between 27 and 14°C, the calculated QIO is -4.5 as the EEG levels. Brain biopsies taken at the end of the study yielded normal values for brain energy stores. We con clude that the QIO for CMR02 at temperatures between 7 and 37"C can be profoundly affected by the state of cere bral function as reflected by the EEG. In the absence of EEG activity, an expected QIO value of 2.2 reflects only the direct effect of temperature on the rates of biologic reactions. Key Words: Cerebral blood flow-Cerebral metabolic rate for oxygen-Cerebral protection Hypothermia.
progresses from a near normal pattern to an isoelec tric one. Such a Q10 would fully explain the proven brain protection at 15-18°C.
The present study was pursued to test the hy pothesis that the CMR02 effects of hypothermia re vert to a simple exponential relationship at and be low temperatures associated with an isoelectric EEG (below 14°C), resulting in a Q,o value of near 2.0. We are unaware of any other reports concerned with cerebral metabolic rates at temperatures below 14°C.
METHODS
The protocol was reviewed and approved by the insti tutional animal care and use committee. Eight unmedi cated, fasting adult mongrel dogs, weighing 17.5 ± 2.2 kg (mean ± SD), were studied. Dogs were anesthetized with halothane 3-4% inspired followed by muscle paralysis with pancuronium 0.2 mg kg -I i. v. and intubation of the trachea. Ventilation was controlled to maintain P ac02 at 35-40 mm Hg. Anesthesia was maintained with halothane 1% (end-expired) in nitrogen and oxygen which were ad justed to maintain Pa02 at 100--150 mm Hg. The preparation of the animals for the study was iden tical to that previously described in detail (Michenfelder and Milde, 1991) . In brief, CBF was measured by a sag ittal sinus outflow method (Michenfelder et aI., 1968; Takeshita et aI., 1972) ; brain temperature was monitored with a calibrated parietal epidural thermistor; and a four lead, two-channel EEG was recorded. A thoracotomy was performed and the animals were placed on cardio pulmonary bypass; bypass flows were adjusted to be tween 1.5 and 3.0 L min -1 m -2 to maintain MABP be tween 60 and 100 mm Hg. Sodium bicarbonate was administered as needed to maintain buffer base near 40 mEq L -I .
After completion of the surgical preparation, the halo thane was discontinued; nitrous oxide (50--60%) replaced the nitrogen in the oxygenator gas mixture; and morphine sulfate 2 mg kg -1 i. v. was given. Duplicate control cere bral and systemic measurements were obtained at 37°C. Thereafter, cooling was initiated. At 27°C, anesthetics were no longer necessary (Michenfelder and Milde, 1991) , and the nitrous oxide was replaced with 100% ox ygen; the morphine effects were reversed with naloxone 2 mg i. v. Cooling was continued until a temperature of near 13°C was achieved, at which point duplicate measure ments were repeated. Thereafter, the animal was further cooled to near 7°C, followed by another set of duplicate measurements. Four of the animals were then rewarmed to near 37°C, requiring a total cardiopulmonary bypass time of <3 h. During rewarming, nitrous oxide (50--60%) was again introduced at 27°C and morphine sulfate 2 mg kg-I i.v. was again administered. At 3rC, duplicate mea surements were taken. Thereafter, brain biopsies were taken, and the animals were killed with intravenous po tassium chloride and termination of bypass.
For blood samples taken at 37°C, oxygen contents were calculated from oxyhemoglobin concentrations (lL 282 CO-oximeter) and oxygen tensions measured on lL elec trodes maintained at 37°C. At 13 and 7°C, blood gas ten sions were measured on lL electrodes maintained at 16°C. At these temperatures, sagittal sinus blood was nominally saturated with oxygen; therefore, arterial sagittal sinus blood oxygen content differences were cal culated only from oxygen tensions as measured at 16°C. These measurements were corrected to 37°C (Severing haus, 1966) prior to calculating oxygen content differ ences. None of the tabulated blood gas or pH values was temperature corrected; they are reported as measured at either 37 or 16°C. Brain biopsies were analyzed by an enzymatic-fluorometric method to determine concentra tions of phosphocreatine (PCr), ATP, ADP, AMP, lac tate, pyruvate, and glucose (Lowry and Passonneau, 1972) . The energy charge (EC) was calculated using the following equation (Atkinson, 1968) :
All tabulated values are reported as means ± SD. Mea surements at each temperature (37, 13, and rC) were compared by Student's paired t test and Bonferroni's cor rection for multiple comparisons. The final values in the four animals that were rewarmed were compared with their control values using Student's paired t test. The Q I O values between 37 and 13°C and between 13 and 7°C were compared by Student's paired t test. Values for brain metabolites were compared with laboratory normal val ues (Roald et aI., 1986) , using Student's unpaired t test. A p value of <0.05 was considered significant.
RESULTS
Control values for CBF and CMROz were of the expected magnitUde for normothermic dogs ( Table  O . Control blood gas values, acid-base status, and MABP were within the targeted range (Table 1) .
With cooling to near l3°C, the decreases in CBF and CMROz were again of the expected magnitude (Table 1) , yielding a QIO for CMROz over that tem perature range (37-l3°C) of 2.8 1 ± 0.23.
With cooling toward 7°C, the EEG became iso electric at a mean temperature of 12.0 ± 0.8°C. At 7°C, there was a further significant decrease in CMROz to 5.6% of control (Table 1) , yielding a cal culated QIO for that temperature range (13-7°C) of 2. 19-significantly different from the QIO over the temperature range of 37-l3°C. In the four dogs re warmed to 37°C, CMROz returned to control, al though CBF remained below control (Table 1) . The brain energy state in these dogs was normal as re flected by concentrations of PCr and ATP as well as by the EC (Table 2) .
DISCUSSION
We previously reported the QIO of canine CMROz to be �2.2 between 37 and 27°C Steen et aI., 1983; Michenfelder and Milde, 1991) , but approximately twice that (4.5) at temperatures between 27 and 14°C (Steen et aI., Values are means ± SD. Blood gas values at 37°C were measured at 3TC. Blood gas values at 13 and 7°C were measured at 16°C, are uncorrected, and were not compared statistically with those measured at 37°C.
" Significantly different from control value at 37°C (p < 0.05). b Significantly different from control (3TC) and 13°C values. Roald et al. (1986). 1983; Michenfelder and Milde, 1991) . We correlated these observations with the EEG activity of the brain to explain the differences in these QIO values. Between 37 and 27°e, the changes in EEG activity are minimal (Michenfelder and Milde, 1991) . Below 27°e, EEG activity is progressively altered, with an initial decrease in frequency followed by burst sup pression and ultimately an isoelectric pattern at be low 17°e.
Since the QlO for most biologic reaction rates is between 2.0 and 3.0 (Harper, 1973) , we formulated the following hypothesis: At temperatures between 37 and 27°e, the expected QIO value for eMROz of �2.2 represents primarily the direct effect of tem perature on biologic reaction rates, with little im pact imposed by alteration in neurofunctional activ ity. Between 27 and 17°e, in addition to the direct effect of temperature, there is a major neurofunc tional alteration, culminating in a near isoelectric EEG. Normothermic studies have demonstrated that abolition of EEG activity with an anesthetic such as thiopental will decrease eMROz by >50% (Michenfelder, 1974) . Thus, the contribution of this effect to the calculation of QIO between 27 and 17°e would fully explain the doubling of this value to �4.5. If correct, it follows that at and below tem peratures associated with an isoelectric EEG, the QIO value should revert to near 2.0 again, reflecting only the direct effect of temperature on biologic re action rates. The present study supports the hy pothesis by demonstrating a QIO of 2.2 at tempera tures below Boe in the presence of an isoelectric EEG. These relationships are depicted schemati cally in Fig. 1 .
The hypothesis has some clinical relevance since it could explain a long-standing conundrum regard ing the magnitude of cerebral protection provided by hypothermia. If, as is commonly assumed, the basis for hypothermia-induced brain protection is cerebral metabolic suppression, a Q l O value of 2.2 is inadequate to explain the proven tolerance of the human brain for �60 min of circulatory arrest at temperatures of 15-18°e (Tharion et aI., 1982) . If, at 37°C, the tolerance for such ischemia is only 6 min, then a QlO of 2.2 could account for only a 29-min period of tolerance at 17°C (6 min x 2.2 x 2.2). But if the QIO increases to 4.5 between 27 and 17°e, the apparent contradiction is resolved (6 min x 2.2 x 4.5 = 59 min). It should be noted that recent work has suggested a mechanism(s) other than metabolic suppression to account for brain protection since only modest degrees of hypothermia (33-34°C) pro vide neuronal protection of a magnitUde greater than can be explained by metabolic suppression alone (Busto et aI., 1987) .
The purpose of rewarming the animals in the present study was to demonstrate return to a nor- . The 010 value of near 2.2 between 37 and 2rC has been reported in three previous publications Steen et aI., 1983; Michenfelder and Milde, 1991) . The 010 value of near 4.5 between 27 and HOC has been reported in two previous publications (Steen et aI., 1983; Michenfelder and Milde, 1991) . Below HOC, the EEG approaches isoelectricity and the 010 reported in the present study of near 2.2 between 13 and rc has been extrapolated to 1rC. mal cerebral metabolic state as compared with con trols, and thus the lack of any injury resulting from cardiopulmonary bypass and profound hypother mia. CMR02 did return to control, and brain biop sies revealed a normal energy state.
The Q lO value observed in this study for the tem perature range of 37-13°C was near its expected magnitude. A value of 2.8 compares with the value reported in our previous study (Michelfelder and Milde, 1991) of 3.3 between 37 and 14°C, and a value of 2.9 calculated from the schematic presen tation in Fig. 1 . These values are comparable with that reported by Bering (1961) in primates, between 37 and 19°C, of 3.5.
In conclusion, the present study supports the hy pothesis that the calculated Q lO for CMR02 is influ enced by both the direct effect of temperature on rates of biologic reactions and by the resulting in fluence this has on neurofunction as reflected by the EEG. These relationships can fully explain the proven tolerance of human brain for complete glob al ischemia at profound levels of hypothermia on a metabolic basis alone.
